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Urban areas account for more than 70% of CO2 emissions from burning fossil fuels.
Urban expansion in tropics is responsible for 5% of the annual emissions from land use
change. Here, I show that the effect of urbanization on the global carbon cycle extends
beyond these emissions. I quantify the contribution of urbanization to the major carbon
fluxes and pools globally and identify gaps crucial for predicting the evolution of the
carbon cycle in the future. Urban residents currently control ∼22 (12–40)% of the land
carbon uptake (112PgC/yr) and ∼24 (15–39)% of the carbon emissions (117PgC/year)
from land globally. Urbanization resulted in the creation of new carbon pools on land such
as buildings (∼6.7PgC) and landfills (∼30PgC). Together these pools store 1.6 (±0.3)%
of the total vegetation and soil carbon pools globally. The creation and maintenance of
these new pools has been associated with high emissions of CO2, which are currently
better understood than the processes associated with the dynamics of these pools
and accompanying uptake of carbon. Predictions of the future trajectories of the global
carbon cycle will require a much better understanding of how urban development affects
the carbon cycle over the long term.
Keywords: city, carbon cycle, carbon sequestration, carbon emissions, urban vegetation, fossil fuels, building,
landfill
INTRODUCTION
Cycling of carbon (C) is essential to processes that provide food, fiber, and fuel for all of the Earth’s
inhabitants. On one hand, carbon dioxide is the second most abundant greenhouse gas after water
vapor in the Earth’s atmosphere. Together with other greenhouse gases it keeps our planet warm,
with a danger to overheat if the concentrations of the greenhouse gases become too high. On the
other hand, photosynthetic organisms such as plants and algae take up atmospheric CO2 in the
presence of light to produce organic matter that eventually becomes the basic food source for all
microbes, animals, and humans. Carbon-based molecules are the main component of biological
compounds as well as of many minerals. Carbon containing compounds also exist in various forms
in the atmosphere. Availability of all these different forms of carbon makes our planet suitable for
humans to survive.
Over centuries human settlements evolved from self-sufficient in producing food and fuel to
fully dependent on hinterlands for production of goods necessary to keep the urbanites alive.
Because of the high population densities, modern cities do not have enough space to produce the
food, fiber, and energy they consume. They draw large volumes of food, fiber, and fuel—all rich
in carbon content—from their hinterland. Some of these materials stay and accumulate in cities.
The rest is returned as gaseous, liquid, and solid residuals into the air, water, and soil affecting not
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only cities and their surroundings, but also remote areas. Many
of these residuals such as CO2, CO, sludge, solid waste, etc.
contain carbon and directly affect cycling of carbon. Some other
of these residuals affect the carbon cycle indirectly. For instance,
nitrogen containing compounds deposited on land or water
bodies may increase uptake of carbon by photosynthesizing
organisms (Churkina et al., 2007, 2010b; Finzi et al., 2007; Duce
et al., 2008), while the other pollutants of urban origins such as
ozone and acids may reduce this uptake (Likens et al., 1996; Van
Dingenen et al., 2009; Ainsworth et al., 2012).
Although our planet offers a vast amount of space, humans
prefer to live in cities, which occupy a small area of the total land
surface (∼0.5% Schneider et al., 2009). Given the tendency to
consider it a local phenomenon, urbanization has been excluded
from global studies of the carbon cycle. Yet urbanization trends
and emerging evidence of urban pressure on the environment
present persuasive arguments for reconsidering this view. The
share of the urban population has already increased by 40%
over one century (1913–2013) and will increase by another
15% in the next 50 years (FAO, 2015). Land area occupied by
cites increases disproportionally faster to the population increase
(Seto et al., 2011). Population pressure on the environment is
especially high in the tropics. Urban expansion in the tropics
contributes∼5% of global emissions from deforestation and land
use change (Seto et al., 2012). In addition to that it is widely
known that approximately 75% of global CO2 emissions originate
in urban areas (Seto et al., 2014). Carbon storage in human
settlements of the conterminous USwas∼10% of the total carbon
stored in the US ecosystems (Churkina et al., 2010a). In China,
this fraction was substantially smaller—only 0.74% and this did
not include C stored in landfills (Zhao et al., 2013). Although
FIGURE 1 | Urban carbon cycle (modified after Churkina, 2008). Black arrows depict vertical and horizontal carbon fluxes. Gray errors show indirect effects of
urban pollution on carbon uptake and release of ecosystems inside of urban sprawl and in the urban footprint.
carbon budget assessments are in progress for several cities (e.g.,
Mohareb and Kennedy, 2012; Hutyra et al., 2014), the overall
effect of urbanization on the global carbon cycle has not been
estimated.
Here, I quantify the contribution of urbanization to the global
carbon cycle. I identify major carbon fluxes and pools connecting
cities to the global cycle of carbon and estimate their magnitudes.
Based on these estimates I highlight issues important for further
understanding of the urbanization effect on the global carbon
cycle.
MATERIALS AND METHODS
Assumptions
This analysis is based on several major assumptions, which are
described below. This study is focused on fluxes and storage of
organic carbon only. Carbon cycle of urban areas is characterized
by vertical and horizontal fluxes of carbon (Figure 1). The
vertical carbon fluxes connect land and atmosphere. These are
fluxes of CO2 uptake and release. Horizontal fluxes link urban
area with hinterland. Because the area of modern cities is too
small to support the demand of urban dwellers for resources
such as food, fiber, and fuels, urban dwellers extract these
resources from the hinterland. The area needed to supply these
resources is referred to as an urban footprint. Here I assumed
that carbon from urban footprint is equivalent to a fraction of net
primary productivity (NPP), which is the net amount of carbon
sequestered by vegetation in a given period of time. It determines
the amount of energy available for transfer from vegetation to
other levels in the trophic webs in ecosystem. At a global scale
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NPP encompass the total food resource of the Earth (Vitousek
et al., 1986).
The global urban extent (Areaurb) is assumed to be 658,760
km2 as estimated for 2001–2002 using remotely sensed data from
the Moderate Resolution Imaging Spectroradiometer (MODIS)
at 500m spatial resolution (Schneider et al., 2009). A fraction
of the global urban extent is considered to be covered with
vegetation, which is assumed to be temperate deciduous forest.
The global urban population (Numpeople) is assumed to be
3,957,705,000 people as reported by the Food and Agriculture
Organization of the United Nations for 2015 (FAO, 2015). The
abovementioned global urban extent and urban population were
used for the best guess estimates. To reflect uncertainty in
numbers underlying the urban carbon cycle globally, high, and
low estimates of carbon fluxes and pools are provided where
possible. Petagram of carbon (PgC) equivalent to 1015 g or
109 metric tons is used as the basic unit of measure. Where
sources express results in terms of CO2 and CH4, 0.27, and 0.75
respectively are used to convert them to the units of carbon.
Global Estimates of Major Urban Carbon
Fluxes and Pools
Carbon Uptake
In urban areas both green areas as well as concrete buildings can
uptake carbon. The processes behind this uptake are radically
different. In green areas, CO2 diffuses into the stomata of
plant’s leaves, where it reacts with water and other chemical
compounds in the process of photosynthesis resulting in organic
matter production. In buildings, CO2 diffuses into the concrete
walls through the pores of concrete, where the process of
carbonation takes places. Carbonation is a chemical process
where atmospheric CO2 is fixed as stable carbonate minerals such
as calcite, dolomite, magnesite, and siderite. Atmospheric CO2
reacts with CaO in concrete to form calcite (CaCO3). This is
the reverse reaction of the calcination process used in cement
making.
The common controls over both photosynthesis and
carbonation are atmospheric CO2 concentrations, air
temperature, and air humidity. In addition to that, light,
soil water availability, nitrogen supply, and tropospheric
ozone concentrations control photosynthesis (Larcher, 1995).
Temperature governs photosynthesis reaction rates. Nitrogen is
required to produce photosynthetic enzymes. Water is essential
for general metabolism of plants. At certain levels ground-level
ozone can damage plant leave’s cells and reduce photosynthesis
rate. The supplementary controls behind CO2 uptake in concrete
are water content, chemical composition, and porosity of
materials (Gajda and Miller, 2000).
Here, I estimate only net carbon uptake by urban vegetation,
because sequestration of carbon in buildings is negligibly small
by comparison. The carbonation process is relatively slow as
atmospheric CO2 has to diffuse into the solid material and
to dissolve in its pore fluid. A range of studies in the USA
(Gajda and Miller, 2000) and Europe (Kjellsen et al., 2005)
have explored the possibility to take up carbon in standing
concrete buildings and after their demolishment. In 1 year the US
concrete infrastructures can capture only 2% (0.0004 PgC/year,
after Gajda, 2001) of carbon sequestered by the US urban forests
(0.02 PgC/year, Nowak and Crane, 2002).
In this study the gross carbon uptake (Cuptake) by urban
vegetation globally was calculated using the equation below:
Cuptake = Uptakegross ∗ Areaurb ∗ Fracgreen/100,
where, Uptakegross is the gross CO2 uptake rate of urban
vegetation that is used for photosynthesis [gC/m2/year];
Fracgreen is the fraction of urban area covered with vegetation
globally [%].
Gross CO2 uptake of urban vegetation depends on climate,
level of pollution, and vegetation management. For trees, the
tree’s age would play a role as well. Distribution of vegetation in
urban areas and the fraction of urban area covered by vegetation
globally are not known. In this study we assumed that green
spaces of urban areas were covered by deciduous trees. The gross
CO2 uptake of urban vegetation (Uptakegross) was assumed to be
equal to the uptake of a temperate humid forest (Luyssaert et al.,
2007).
The overall amount of green space in urban areas varies from
city to city. In Europe this number varies from 4% in Athens,
Greece, to 53% in Budapest. Based on the data from 25 cities,
the green space cover averages around 7% in Europe (Lavalle
et al., 2002). Urban tree cover is as low as 5% in New Mexico
and as high as 55% in Georgia, the USA (Nowak and Crane,
2002). The cities of the US are greener on average than European
ones. The urban tree cover averages at 27% in the USA (Nowak
and Crane, 2002). Although methods based on remotely sensed
data exist and have been applied to classify urban land cover
in different parts of the world (Powell et al., 2007; Tigges et al.,
2013), there is no global estimate of the urban vegetation extent
and classification. Therefore assumptions about the extent of
vegetation within cities have been made based on available data.
The upper bound of gross CO2 uptake was calculated using
the equation above and the average tree cover from the USA
rounded up to 30% of urban area as Fracgreen. The low bound
was calculated using the European average fraction of urban
green space rounded up to 10%. In the best guess estimate, the
green space was assumed to be 20% of the urban extent globally
(Table 1).
Carbon Release
In a city carbon can be released from various sources and
processes such as plant and soil respiration, human respiration,
waste decomposition, burning of fossil fuels, and urban
TABLE 1 | Values used to estimate high, low, and best guess of gross
carbon uptake and release from urban vegetation and soil respiration
globally.
Cuptake Uptakegross
[gC/m2/year]
Releaseveg
[gC/m2/year]
Areaurb [km
2] Fracgreen [%]
High 1431 1112 3524000 30
Low 1319 984 308000 10
Best Guess 1375 1048 658 760 20
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expansion. Carbon release is a result of metabolic processes
happening in living organisms and decomposition of organic
matter. Plant and human respiration is a part of metabolism of
living organisms. In soils and landfills, CO2 and CH4 are released
as a result of organic and inorganic matter decomposition, which
is the physical and chemical breakdown of dead plant, animal,
human, and microbial material. During decomposition along
with carbon release into the atmosphere, many other chemical
elements are discharged into the soil and ground water. Fossil
fuel is a general term for buried combustible geologic deposits
of organic materials, formed from decayed plants and animals
that have been converted to crude oil, coal, natural gas, or heavy
oils by exposure to heat and pressure in the earth’s crust over
hundreds of millions of years. Burning fossil fuels releases energy
and CO2 captured in these organic deposits. Emissions of carbon
from land use conversion takes place if the city is expanding into
natural or agricultural areas, so that vegetation cover is lost or
fragmented.
Temperature is a common control that regulates all
these different types of carbon release. In humans elevated
temperatures increase ventilation (Zila and Calkovska, 2011)
and therefore respiration. Plants respire more CO2 at higher
temperatures, because their internal processes intensify. Organic
matter decomposes faster under rising temperatures as a result of
faster chemical reactions as long as the matter humidity allows.
Burning of fossil fuels intensifies with air temperatures below
15.5◦C prompting demand for building’s heating and with air
temperatures higher than 23◦C stimulating demand for cooling
of buildings (Creutzig et al., 2015).
Here carbon release from urban areas is estimated for plant
and soil respiration, waste decomposition, human respiration,
burning fossil fuels, and urban expansion. Total release is
estimated as a sum of the abovementioned components.
Plant and Soil Respiration
In addition to temperature, the plant respiration rate depends
also on the chemical composition of plant’s tissue (Reich et al.,
1998). Three types of factors control decomposition of organic
matter in soil: physical environment (soil temperature and
moisture), the quantity and quality of substrate available to
decomposers, and the characteristics of the microbial community
(Chapin et al., 2002).
Because we assumed that urban green spaces were occupied
by deciduous trees, we also assumed respective plant (951
gC/m2/year) and soil (420 gC/m2/year) respiration estimated
for temperate humid deciduous trees (Luyssaert et al., 2007).
The total plant and soil respiration was assumed to be
1046 gC/m2/year (Table 1). The high, low, and best guess
estimates for carbon release from urban plant and soil globally
were calculated assuming 30, 10, and 20% as respective fractions
of green space within urban areas globally.
Waste Decomposition
Urban dwellers produce large amounts of solid and liquid waste.
Solid waste can be recycled, incinerated, composted, or deposited
in the landfills. Liquid waste such as sludge either enters natural
aquifers or wastewater treatment plants. During decomposition
of waste at landfills, gases such as CO2, CH4, and volatile
organic compounds are emitted. CH4 constitutes 40–70% and
CO2 30–60% of the total emissions from waste decomposition
(El-Fadel et al., 1997). Emissions of volatile organic compounds
are assumed to be negligible in relation to the other two. Climate,
waste composition, and the type of waste management control
these emissions (Lou and Nair, 2009).
Global emissions of CH4 from landfills and waste are
estimated at 0.075 PgCH4 (0.056 PgC) per year (Ciais et al.,
2013). Best guess estimate was calculated assuming methane
emissions constitute 60% and C02 constitute 40% of total
emissions from waste decomposition, we can approximate CO2
emissions at 0.05 PgCO2 (0.0135 PgC) per year. Here the low
bound of carbon release fromwaste decompositionwas estimated
assuming methane emissions at 70% and CO2 emissions at 30%.
The high bound was computed assuming methane emissions at
40% and CO2 emissions at 60% of the global waste emissions.
The best guess estimate was calculated with methane emissions
of 60% and CO2 emissions of 40%.
Human Respiration
People exhale CO2 as part of the metabolism. A healthy person
respires on average 246 gC per day or 89656 gC per year. This
amount changes with the person’s age and health conditions. In
this study we calculated the total amount of carbon respired by
urban population (Cresp) using amount of carbon respired by an
average person (Cperson) and the total urban population in 2015
(NUMpeople) as
Cresp = Cperson ∗ NUMpeople,
where, Cperson = 89656 gC/m
2 per year.
Burning Fossil Fuels
The recent Intergovernmental Panel on Climate Change (IPCC)
report indicated that urban areas generate about three quarters
of global carbon emissions (Seto et al., 2014). The emissions
of CO2 from burning fossil fuels and cement production was
8.9 ± 0.4 PgC per year in 2004–2013 (Le Quéré et al., 2015).
It means that global carbon emissions from burning fossil fuels
of urban origins amounted to ∼ 6.7 ± 0.4 PgC per year in
the last decade. Here, this estimate was adopted as a proxy
for carbon release from burning fossil fuels in urban areas
globally.
Urban Expansion
Urban land expansion on certain continents like North America
and Europe is disproportionally large in comparison to urban
population growth. It does not necessarily leads to carbon losses,
because urban areas rarely expand into the forest areas with high
biomass and soil carbon content, but more often into agricultural
areas where carbon content in soils is low. The situation is
different in pan-tropical countries. Seto et al. (2012) estimated
that carbon losses associated with highly likely urban expansion
resulting from forest clearing in the tropics is 0.05 PgC per year
for 2000–2030. They argue that it is a lower-bound estimate of
urban growth-related carbon losses because 63% of the projected
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new urban land is outside the tropics and will contribute to
additional carbon and biomass losses. Here, 0.5 PgC per year was
assumed as the carbon release from urban expansion globally,
because other estimates of this kind were not available.
Carbon Uptake and Release of Urban Footprint
The area of modern cities is too small to support the demand
of urban dwellers for resources such as food, fiber, and fuels.
Urban dwellers extract these resources from the hinterland.
The area needed to supply these resources is referred to as
an urban footprint. The footprint increases as the population
growth and/or consumption per capita increases. Here, the global
estimate of carbon uptake and release from the urban footprint is
based on NPP appropriated by humans (Vitousek et al., 1986),
which is abbreviated as HNPP. NPP is the net amount of carbon
sequestered by vegetation in a given period of time. It determines
the amount of energy available for transfer from vegetation to
other levels in the trophic webs in ecosystem or the total food
resource of the Earth (Vitousek et al., 1986). In this study it
was assumed that urban dwellers are responsible for 50–70% of
HNPP, which was most recently estimated at 15.6 PgC per year
for the year 2000 (Haberl et al., 2007). The latter estimate of
HNPP is a sum of NPP harvested and destroyed during harvest
(8.18 PgC per year) as well as NPP influenced by human-induced
land conversion (6.29 PgC per year) such as land cover change,
land use change, and soil degradation. Urbanization effect on
the land use change is not explicitly included in this estimate.
Estimates of gross carbon uptake (Cfuptake) and release (Cfrelease)
of the urban footprint were calculated using the equations below:
Cfuptake = furb/100 ∗ f GPP
NPP
∗ HNPP
Cfrelease = furb/100 ∗ f Reco
NPP
∗HNPP
where, furb is fraction of HNPP appropriated by urban residents
[%]; fGPP/NPP is a conversion factor from NPP to gross carbon
uptake or gross primary production (GPP) derived from values
reported by Luyssaert et al. (2007); fGPP/NPP is a conversion factor
from NPP to plan and soil C release or ecosystem respiration
(Reco) derived from values reported by Luyssaert et al. (2007);
Table 2.
Urban Carbon Storage
Not all carbon taken up by vegetation or brought in by people
in the form of oil, gas, food, and fiber will be immediately
released. Some of it will accumulate in a city in pools with various
residence times. In urban areas carbon is stored not only in
TABLE 2 | Values used to estimate high, low, and best guess of gross
carbon uptake and release from vegetation and soil respiration in the
urban footprint.
Estimate furb fGPP/NPP fReco/NPP
High 70 4.1 3.5
Low 50 1.8 1.4
Best Guess 60 2.7 2.3
natural pools such as soils and vegetation, but also in artifacts
created by humans such as buildings and landfills. In addition
to that human body also contains carbon. In this study carbon
storage in urban areas (Curb) globally was estimated using the
following equation:
Cstorage = (Cveg + Csoil + Cbuil + Clfill + Cpeop) ∗ NUMpeople,
where NUMpeople is the urban population of the world in 2015.
The amount of carbon accumulated in a unit of urban area
depends on the urban form (sprawled or compact), climate zone,
and materials used in construction. Average carbon density of
vegetation (Cveg), soil (Csoil), buildings (Cbuild), landfills (Clfill),
and people (Cpeop) (Table 3) have been based on the estimates
obtained from the respective data for the conterminous United
States (Churkina et al., 2010a) and mainland China (Zhao
et al., 2013). It was assumed that carbon densities of these
two countries represent two extremes. The USA cities have low
population density with high fraction of vegetation with an urban
population of 204,181,000 and an urban area of 95018 km2 in
2000. The Chinese cities are densely built-up and populated with
611,936,748 urban residents over an urban area of 33697 km2 in
2006 (Zhao et al., 2013). The high-bound estimate was obtained
with the carbon density of urban pools per capita for the
USA. The low-bound estimate was derived using the carbon
pool density per capita of the Chinese cities. The best guess
estimate was estimated as the mean of the high- and low-bound
values.
RESULTS AND DISCUSSION
Carbon Cycle of Global Urban Areas
In this study the gross carbon uptake by urban vegetation
is estimated between 0.04 and 1.51 PgC per year (Table 4)
depending on the global urban extent and the fraction of green
areas in cities (Table 1). The gross carbon uptake within the
urban footprint estimated here is a few orders ofmagnitude larger
than the one of urban vegetation. It amounts to 14–43 PgC per
year. The release of carbon associated with cities is estimated
between 17 and 46 PgC per year (Table 4). This release includes
respiration of plant and soil in the urban footprint (10–37 PgC
per year), burning fossil fuels (6.3–7.1 PgC per year) associated
with transportation and energy production inside and outside
of city, respiration of urban plant and soil (0.03–1.18 PgC per
year), respiration of urban dwellers (0.35 PgC per year), waste
decomposition (0.06-0.09 Pg per year), and urban expansion
(0.05 PgC per year). Among these emissions, respiration of plant
and soil of the urban footprint (74 %) and carbon emissions from
burning fossil fuels (∼24%) dominate emissions from human
(∼1%) or soil and plant respiration (∼1%), waste decomposition
(<1%), and urban expansion (<1%).
These estimates of carbon uptake and release associated
with urban areas do not account for the fertilization effects of
atmospheric CO2, deposited NOx, and warmer temperatures
(heat island effect) on carbon uptake or elevated concentrations
of ground-level ozone, which could reduce plant uptake of
carbon. The synergetic effect of these changes on C uptake
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TABLE 3 | Average carbon density of urban pools based on studies from the USA and China used in calculations in this study.
Vegetation Soil Buildings Landfills Humans Total
kgC/m2 kgC/capita kgC/m2 kgC/capita kgC/m2 kgC/capita kgC/m2 kgC/capita kgC/m2 kgC/capita kgC/m2 kgC/capita
USA 2.4 1132 6.8 3179 6.6 3056 (16.2) (7521) 0.02 9 16 (32) 7377 (14897)
China 1.3 69 9.6 529 6.1 336 N/A N/A 0.2 9 17 943
For the USA, the total carbon density in brackets refers to the estimate including carbon stored in landfills, while the value without brackets refers to the estimate excluding landfills. N/A
stands for values not available for this study.
TABLE 4 | High-, low -bound, and best guess estimates of urban area contribution to annual carbon uptake, release, and storage globally.
Gross
uptake
PgC/year
Release PgC/year Storage PgC
Vegetation Vegetation
and soil
Landfills Human
respiration
Burning
fossil
fuels
Urban
expansion
Total Soils Landfills Vegetation Buildings Humans Total
City Footpr. City Footpr.
High 1.51 43 1.18 37 0.09 0.35 7.1 0.05 46 12.6 (30) 4.5 12.1 0.03 29.2 (59)
Low 0.04 14 0.03 10 0.06 0.35 6.3 0.05 17 2.1 (30) 0.3 1.3 0.03 3.7
Best guess 0.18 24 0.14 21 0.07 0.35 6.7 0.05 28 7.3 (30) 2.4 6.7 0.03 16.4(31)
Carbon storage in landfills and total carbon storage including carbon stored in landfills are given in brackets. Urban carbon storage excluding landfills is provided without brackets.
Carbon uptake and release within city limits and its footprint are abbreviated with City and Footpr., respectively.
of urban vegetation is still poorly understood. One study of
changes in plant productivity from city core to a farm located
50 km outside of city’s center, which is characterized by changes
in air temperatures (daytime average increase of 3.3◦C) and
atmospheric CO2 concentration (21%), shows increase of almost
115% of the productivity measured as above-ground biomass
of lambsquarter plants in Baltimore, USA (Ziska et al., 2004).
Another study (Gregg et al., 2003) showed a similar trend
in cottonwood clones, which biomass at urban sites in New
York city, USA, was double that of rural sites. The latter study
however related the decrease in rural cottonwood productivity
to increased cumulative concentrations of ground-level ozone
outside of a city. In a modeling study (Trusilova and Churkina,
2008) showed that fertilizing effect of CO2 and nitrogen
containing compounds emitted by cities offset negative effects of
urbanization such as expansion of impervious areas and warmer
temperatures on carbon sequestration resulting in the net carbon
sink of 0.06 PgC/year on land in Europe circa 2000.
This study suggests that urban areas store between 4 and
29 PgC below- and above-ground globally (Table 4) if we exclude
carbon stored in landfills from our calculations. This estimate
increases up to 59 PgC if we account for carbon stored in
landfills (∼30 Pg). Best global estimate for carbon stored in
urban areas here is 16 PgC, which is comparable to 11 PgC
obtained by multiplying global urban extent (Areaurb) by the
specific urban storage capacity of 16 kgC/m2 derived in previous
studies of cities in China (Zhao et al., 2013) as well as of the
US (Churkina et al., 2010a). This estimate (29 PgC) is within the
limits for global C storage in urban areas reported earlier such
as 4.4–56.4 PgC (Zhao et al., 2013), which includes uncertainty
in global urban extent, but excludes C storage in landfills.
The results of this study suggest that excluding landfills, the
largest carbon pools in the cities are buildings (1.4–12.6 PgC)
and soils (2.2–12.1 PgC), which store comparable amounts of
carbon (∼41–45% of the total urban carbon storage). They
are followed by urban vegetation with 0.3–4.5 PgC (∼14–15%
of the total urban carbon storage). Carbon accumulated in
various pools in urban areas is a difference between carbon
uptake and release happening inside as well as outside of urban
area.
This study shows that carbon release and uptake of the city
footprint are the largest carbon fluxes associated with urban
areas followed by carbon flux from burning fossil fuels. Annual
release of carbon (6.7 PgC/year) from urban areas is equal to
its total carbon storage in buildings (6.7 PgC) accumulated over
decades. Carbon fluxes of the urban footprint have not been
really associated with urban carbon cycle in the earlier studies
(Pataki et al., 2006; Hutyra et al., 2014). Only carbon fluxes of
urban vegetation have been taken into account and considered
as an offset of emissions from burning fossil fuels. Studies of
individual cities showed that urban fossil fuel emissions typically
dwarf biogenic carbon uptake and storage within cities (Pataki
et al., 2011; Hutyra et al., 2014). Although urban vegetation
is essential to the well-being of urban dwellers as it provides
cooling in summer, filter air, water, and soil pollution, reduce
risk of flooding, the vegetation dynamics in the city footprint,
and the fate of extracted materials in the city are more important
to the carbon cycle. The vegetation in the city’s footprint
is also critical for the provision of food and fiber to urban
residents.
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Global Carbon Cycle and Future
Urbanization Trends
Here, I show that the influence of urban areas on the global
carbon cycle extends beyond emissions of CO2 from burning
fossil fuels, which are 75% (71–80%) of the total emissions from
burning fossil fuels (Seto et al., 2014), and urban expansion,
which is ∼5% of the annual emissions from deforestation and
land use change globally (0.9 Pg C/year; Seto et al., 2012).
This study compliments existing urban emission estimates with
contribution of urban areas to global plant and soil respiration
and quantifies urban carbon pools. It indicates that plant and
soils respiration of urban areas together with carbon emissions
from waste decomposition at the landfills are estimated to be
as low as 0.19% (0.09–1.18%) of the ecosystem respiration
globally (107.2 PgC/year, Figure 2). Respiration of plants and soil
accompanying production of food, fiber, etc. for urban dwellers
outside of city limits makes around 19% (10–35%) of the global
land ecosystem respiration (107.2 PgC/year). These emissions are
associated with a high demand for energy needed to maintain
transport, heating or cooling of buildings, as well as provision
of electricity. Energy use in cities increases with increasing
wealth or gross domestic product (GDP) per capita, especially for
cities with GDP per capita <10,000 USD, followed by gasoline
price, population density, and climatic factors (Creutzig et al.,
2015).
This study indicates that the gross carbon uptake of urban
vegetation is currently below one percent (0.16%, 0.04–1.35%) of
the global gross land C uptake (112 PgC, Figure 2). Even if cities
would increase their green space up to 50% (329,380 km2) of
their global extent circa 2000, their carbon uptake would remain
small (∼0.42% of the global carbon uptake). Gross carbon uptake
within the urban footprint is however substantial and amounts to
22% (12.5–17.5%) of the global gross C uptake. Organic matter
produced outside the cities was moved to inside the city in
various forms of construction materials, food, clothes, and fuel.
Transfer and use of these materials resulted in the creation of
new carbon pools, which are buildings and landfills (Figure 2).
This study points out that carbon storage in buildings is
currently around 1% (0.2–2%) of the carbon stored aboveground
in vegetation (600 PgC). Landfills store at least 30 PgC that
is approximately 1% of the soils carbon storage globally
(∼3300 PgC). The size of new pools is substantial, given that
these pools are relatively young (circa one–two century old)
in comparison to the natural carbon pools of vegetation and
soils (hundreds to thousands of years). In addition to that,
a smaller share of the urban carbon pool is stored in urban
vegetation and soils. Urban vegetation is responsible for 0.4%
(0.05–0.75%) of carbon stored in vegetation globally. Urban soils
store 0.22% (0.07–0.38%) of the global soil carbon. The share of
carbon stored in the urban system in the future will depend on
the settlement patterns and locations, fraction of urban green
spaces in the future cites, their management, as well as on
the type of construction materials of the buildings and waste
management strategies. In countries with high urban build-up
density, the share of carbon stored in cities relative to natural ones
is substantially lower. For instance human settlements (urban
FIGURE 2 | Carbon pools (PgC) and fluxes (PgC/year) of urban areas as compared to the major global carbon fluxes. Urban contributions to the global
carbon fluxes as well as to the carbon storage pools in vegetation and soils are highlighted in red. Two new carbon pools created as a result of urbanization are
buildings and landfills. They are depicted in red. The global C pools such as atmosphere, vegetation, soil, ocean, fossil fuels, rocks, and sediments are indicated with
respective names and amounts of C stored. The global C fluxes such as carbon uptake and release are ocean/land, burning fossil fuels, and land use changes are
shown in gray. Estimates for pre-industrial carbon pools and fluxes for preindustrial times are depicted with black font. Changes in these pools and fluxes from
preindustrial times as well as the fluxes from burning fossil fuels and changes in land use are shown in blue font (after Ciais et al., 2013; Le Quéré et al., 2015).
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and exurban areas) of the conterminous US store ∼10% of the
total carbon stored in the US ecosystems (Churkina et al., 2010a).
In China, this fraction was substantially smaller—only 0.74%
(Zhao et al., 2013) and did not account for carbon stored in
landfills. Although there is little historical information on global
waste generation, it is certain that waste generation is increasing
over time (Hoornweg and Bhada-Tata, 2012) and a large share of
it ends up in the soil (Hoornweg and Bhada-Tata, 2012) or coastal
ocean (Kroeze et al., 2013).
CONCLUSIONS
This study demonstrates that urbanization is becoming an
important player in the global carbon cycle. The influence of
cities on the carbon cycle extends beyond cities’ limits and their
contributions to the emissions from burning fossil fuels and land
use change. Urban residents currently control ∼22% of the total
land carbon uptake and ∼24% of release globally. Urbanization
created two new pools of carbon such as buildings and landfills,
which constitute ∼1.6% of the total vegetation and soil pools
globally. The creation of these new carbon pools are a result
of carbon uptake in remote ecosystems and its transport to
urban areas. Creation and maintenance of these pools has been
associated with high emissions of CO2 from burning fossil fuels,
which are currently better understood than the dynamics of
carbon in the urban footprint and its fate after transfer to the
cities.
This analysis was based on assumptions, which were needed
to compensate for scarcity of data relevant at the global scale.
The future global estimates of this kind would especially benefit
from better data sets covering urban footprint and urban
vegetation. The extent of urban footprint on land and ocean
should include not only the demand for resources by urban
dwellers, but also the extent of urban pollutants, which deposition
can substantially modify carbon uptake and release of land or
ocean ecosystems. In addition to that, the life cycle analysis
of carbon containing products including extraction, transfer to
the cities, carbon residence time within city, and subsequent
recycling or deposition to landfills, has to be investigated. While
net carbon uptake and storage in urban vegetation globally
is currently small, their importance can increase if the urban
form develops in the direction of low build-up density cities
rather than compact ones. At this point we have very limited
knowledge about distribution and types of vegetation in cities
globally. Compilation of such data from remotely sensed data
in combination with city’s statistics would benefit not only C
cycle science, but also studies of interactions between vegetation
and airborne, water, and soil pollutants as well as their health
implications for urban residents. The future data collections
should encompass climatically and culturally different regions of
the world. The effort on data collection would be critical, but
will not sufficient for forecasting the impact of urbanization on
the global carbon cycle. In parallel to data collections, one would
need to develop a model based on major principles underlying
this phenomenon.
The urban shares in the global carbon cycle are likely to
increase in the future as urban population is on the rise and
projected to reach 75% of the world population by 2030.
Predictions of future trajectories of the global carbon budget will
require a much better understanding how urban development
affects carbon cycle.
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